Structural Health Monitoring of Major Danube Bridges in Bratislava  by Ároch, Rudolf et al.
 Procedia Engineering  156 ( 2016 )  24 – 31 
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of BDB 2016
doi: 10.1016/j.proeng.2016.08.263 
ScienceDirect
Available online at www.sciencedirect.com
WK,QWHUQDWLRQDO&RQIHUHQFHÄ%ULGJHVLQ'DQXEH%DVLQ³%'%
6WUXFWXUDO+HDOWK0RQLWRULQJRI0DMRU'DQXEH%ULGJHVLQ%UDWLVODYD
5XGROIÈURFKD0LODQ6RNROE0LFKDO9HQJOiUE
a
 Slovak University of Technology in Bratislava, Faculty of Civil Engineering, Department of Steel and Timber Structures, Radlinskeho 11, SK-
810 05 Bratislava, Slovakia  
b
 Slovak University of Technology in Bratislava, Faculty of Civil Engineering, Department of Structural Mechanics, Radlinskeho 11, SK-810 05 
Bratislava, Slovakia 
$EVWUDFW
7KHSDSHUSUHVHQWV VRPHRI WKH LQWHUPHGLDWH UHVXOWVREWDLQHG LQ WKH IUDPHZRUNRI WKH UHVHDUFKSURJUDP$3991R
JUDQWHGE\WKH6ORYDN5HVHDUFKDQG'HYHORSPHQW$JHQF\HQWLWOHG³%ULGJH6WUXFWXUDO+HDOWK0RQLWRULQJYLD5HSHDWHG'\QDPLF
7HVWV´
7KHSDSHUGHVFULEHVLQLWLDOVWUXFWXUDOKHDOWKPRQLWRULQJ6+0WHVWVRIWKH3RUW%ULGJHDQGRIWKH6ORYDN1DWLRQDO8SULVLQJ%ULGJH
DFURVVWKH'DQXEH5LYHULQ%UDWLVODYD6ORYDNLD7KHILUVWRQHLVDKLJKZD\DQGUDLOZD\FRQWLQXRXVVWHHOWUXVVEULGJHZLWKVSDQV
DQGDWRWDOOHQJWKRIPHWHUVODUJHVWVSDQP7KHVHFRQGRQHLVDQDV\PPHWULFFDEOHVWD\HGVWHHOEULGJHZLWKDQ
RUWKRWURSLFER[EHDPVXSSRUWHGLQRQHSODQHE\FDEOHVIURPDQLQFOLQHGS\ORQ7KHWRWDOOHQJWKLVPHWHUVODUJHVWVSDQ
 P 7KH SDSHU LV DLPHG DW GLIIHUHQW WRSLFV WKH GHVFULSWLRQ RI WKH WHVW VHWXSV WKH PHDVXULQJ DFFHOHURPHWHU SRO\JRQV
V\QFKURQL]HGE\:L)LFRQQHFWLRQV\QFKURQL]DWLRQRIWKHYLGHRIRRWDJHZLWKWKHPHDVXUHPHQWVHWF6RPHQDWXUDOIUHTXHQFLHV
DQGPRGHVKDSHVKDYHEHHQLGHQWLILHGIURPWKHRSHUDWLRQDOPRGDODQDO\VHV
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJFRPPLWWHHRI%'%
Keywords:6WUXFWXUDOKHDOWKPRQLWRULQJ6+0WUXVVEULGJHFDEOHVWD\HGEULGJH)(0PRGHOOLQJDQGDQDO\VLVRSHUDWLRQDOPRGDODQDO\VLV
,QWURGXFWLRQ
6WUXFWXUDOKHDOWKPRQLWRULQJ6+0RIEULGJHVUHSUHVHQWVQRZDGD\VDWRSLFIROORZHGE\PDQ\UHVHDUFKHUVVHH
HJ >@ >@ >@ >@ >@ 7KH DLP RI WKLV SDSHU LV WR GHVFULEH VRPH LQLWLDO VWUXFWXUDO KHDOWKPRQLWRULQJ 6+0
H[SHULPHQWVRIWZRODUJHEULGJHVDFURVVWKH'DQXEH5LYHULQ%UDWLVODYDWKH3RUW%ULGJHDQGWKH6ORYDN1DWLRQDO


&RUUHVSRQGLQJDXWKRU7HO
E-mail address:UXGROIDURFK#VWXEDVN
© 2016 The Authors. Published by lsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of BDB 2016
25 Rudolf Ároch et al. /  Procedia Engineering  156 ( 2016 )  24 – 31 
8SULVLQJ%ULGJH7KLVUHVHDUFKKDVEHHQSHUIRUPHGLQWKHIUDPHZRUNRIWKHUHVHDUFKSURJUDP$3991R
JUDQWHG E\ WKH 6ORYDN 5HVHDUFK DQG 'HYHORSPHQW $JHQF\ HQWLWOHG ³%ULGJH 6WUXFWXUDO +HDOWK 0RQLWRULQJ YLD
5HSHDWHG'\QDPLF7HVWV´
7KH3RUW%ULGJH
2.1. Bridge structure 
7KH3RUW%ULGJHLVORFDWHGQHDUWKH3RUWRI%UDWLVODYDLQWKHFDSLWDOFLW\RI6ORYDNLD±%UDWLVODYD7KHURDGUDLO
EULGJHLVFURVVLQJWKHULYHU'DQXEH,WKDVDWRWDOOHQJWKP)LJDZLWKFRQWLQXRXVIRXUVSDQV7KHOHQJWKVRI
WKHVSDQVDUHPPPDQGP
D
E

)LJ7KH3RUW%ULGJHDVLGHGUDZLQJIURPWKHVRXWKEVLGHYLHZIURPWKHQRUWK
7KHEULGJHZDVRSHQHG LQ7KUHHVWHHO WUXVVHVRIPKHLJKWZLWKDQD[LDOGLVWDQFHRIPIRUPWKH
EHDULQJVWUXFWXUH)LJ,QWKHORZHUSDUWDGRXEOHWUDFNUDLOURDGDQGLQWKHXSSHUSDUWDKLJKZD\LVVLWXDWHG7KH
URDGSDUWLVWKHFRPSRQHQWRIWKH6ORYDN+LJKZD\'$WWKHORZHUOHYHORIWKHEULGJHWKHUHDUHWZRFDQWLOHYHUHG
SDWKVGHVLJQHGIRUSHGHVWULDQVF\FOLVWVDQGVHUYLFHV7KHURDGGHFNLVDFRPSRVLWHVWHHODQGFRQFUHWHVWUXFWXUHSODFHG
RQWKHWRSVRIWKHVWHHOWUXVVHVLQVXFKDZD\WKDWLWGRHVQRWFRRSHUDWHLQWKHJOREDOORQJLWXGLQDOORDGEHDULQJV\VWHP
7KHRULJLQDOGHVLJQHGFDSDFLW\ZDVYHKLFOHVSHUGD\7KHDPRXQWRISDVVLQJYHKLFOHVLVQRZPRUHWKDQGRXEOHG
DQGWKH3RUW%ULGJHLVWKHPRVWXVHGEULGJHLQ6ORYDNLD

)LJ&URVVVHFWLRQRIWKH3RUW%ULGJH
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2.2. FEM model and analysis 
7KH EULGJH ZDV PRGHOOHG LQ WKH $16<6 HQYLURQPHQW XVLQJ EHDP DQG VKHOO HOHPHQWV )LJ 7KH QDWXUDO
IUHTXHQFLHVDQGPRGHVKDSHVZHUHFDOFXODWHGVHHFKDSWHU7KHWUDIILFORDGLQJZDVHVWLPDWHGIURPDYLGHRVHTXHQFH
DQGZDVDSSOLHGDVPRYHDEOHORDGVRQWKHPRGHO$WLPHKLVWRU\DQDO\VLVZDVWKHQSHUIRUPHG


)LJ)(0PRGHORIWKH3RUW%ULGJH
2.3. Measurement and operational modal analysis 
$ FRPSOH[PHDVXUHPHQW V\VWHP XVLQJ1DWLRQDO ,QVWUXPHQWV¶ HTXLSPHQWZDV XVHG >@$Q RULJLQDO /DE9,(:
SURJUDPDFFRUGLQJWR>@ZDVZULWWHQ7KHV\VWHPFRQVLVWHGRIWKHIROORZLQJGHYLFHV&RPSDFW5,21,F5,2
ZLWKLQSXWRXWSXW,2PRGXOHV1,1,F5,2ZLWK,2PRGXOHV1,DQGGHYLFHV1,(WKHU&$7
)LJ

)LJ0HDVXUHPHQW6\VWHPIRUWKH3RUW%ULGJH
7KHPDLQFRPSRQHQWVQRWHERRNF5,2GHYLFHVZHUHFRQQHFWHGYLDDQHWZRUNVZLWFK:L)LDQWHQQDVDQG)73
QHWZRUNFDEOHZKLFKFDQEHXSWRPHWUHVORQJ
$OOPHDVXUHGGDWDZHUHVDYHGRQ WKHPDLQXQLWF5,2DVD7'06ILOH7KHPD[LPXPVDPSOH UDWHRI WKH
PHDVXUHPHQWV\VWHPZDVIRXQGWREHVDPSOHVSHUVHFRQG7KLVVDPSOHUDWHZDVVXIILFLHQWWRPHDVXUHWKHUHDO
VWUXFWXUH7KHV\QFKURQL]DWLRQEHWZHHQWKHF5,2GHYLFHVZDVWKHPRVWFRPSOLFDWHGWDVNWRSURJUDPEHFDXVHWKHYDOXH
RIWLPHGHYLDWLRQGHSHQGVRQWKHW\SHRIFRQQHFWLRQXVHG
1,DFFHOHURPHWHUV,DFFHOHUR HWHUV
7+(1257+6,'(
PHWKHUQHWFDEOH
7+(6287+6,'(
1,DFFHOHURPHWHUV
1,DFFHOHURPHWHUV
:L)LDQWHQQD
:L)LDQWHQQD
1,DFFHOHURPHWHUV
*LJDELW6ZLWFK
27 Rudolf Ároch et al. /  Procedia Engineering  156 ( 2016 )  24 – 31 
7KHPHDVXUHPHQWVHWXSFDQPHDVXUHSRLQWVDORQJWKHEULGJHVWUXFWXUHYHUWLFDODQGKRUL]RQWDODFFHOHUDWLRQV
RI WKH PDLQ VWHHO WUXVV VWUXFWXUH  KRUL]RQWDO DFFHOHUDWLRQ RI WKH FRQFUHWH EULGJH GHFN $FFHOHURPHWHUV 3&%
3LH]RWURQLFV%ZHUHXVHG7KHPDLQPHDVXUHPHQWSRO\JRQVZHUHGHVLJQHGRQWKHIRRWDQGF\FOHZD\V


$QLPSRUWDQWSDUWRIWKHPHDVXUHPHQWZDVWRFUHDWHDV\QFKURQL]HGYLGHRUHFRUGLQJZKLFKDOORZVWKHLGHQWLILFDWLRQ
RIWKHWUDIILFRQWKHEULGJHDWWKHWLPHRIPHDVXUHPHQW$V\QFKURQL]HGWLPHIURPDWDEOHWSODFHGQHDUWKHXVHGFDPHUD
ZDVXVHG7KHWLPHGHYLDWLRQEHWZHHQWKHWDEOHWDQGWKHF5,2GHYLFHVZDVQRPRUHWKDQV7KLVWLPHVKLIWSUHVHQWV
DQLQDFFXUDF\LQORFDWLRQRIDPRYLQJFDUPD[LPDOO\P
7KH WHPSHUDWXUHGXULQJ WKHPHDVXUHPHQW UHDFKHG&RQ WKH VXQDQG& LQ WKH VKDGH UHFRUGVZLWK
VHFRQGV¶OHQJWKHDFKZHUHUHFRUGHG
2.4. Comparison of calculated and experimental results 
6RPHRIWKHFDOFXODWHGJOREDODQGORFDOPRGHVKDSHVDQGQDWXUDOIUHTXHQFLHVDUHVKRZQLQ7DEVDQG
7DEOH6HOHFWHG*/2%$/PRGHVKDSHVRIWKH3RUW%ULGJH
0RGHI +]

0RGHI +]

0RGHI +]

0RGHI +]

7DEOH6HOHFWHG/2&$/PRGHVKDSHVRIWKH3RUW%ULGJH±PDLQO\WKHGHFNYLEUDWLRQ
0RGHI +]

0RGHI +]


7KHFDOFXODWHGYHUWLFDOGLVSODFHPHQWVLQWZRSRLQWV:LHQ±XSVWUHDP%XGDSHVWGRZQVWUHDPLQWKHPLGGOHRI
WKH ODUJHVW VSDQ XQGHU WKH VLPXODWHG ORDGLQJ DUH VKRZQ RQ )LJ E 7KH WLPH DQG ORFDWLRQ RI WKH YDU\LQJ IRUFHV
UHSUHVHQWLQJFDUD[OHIRUFHVDUHDQDO\]HGIURPWUDIILFYLGHRVXUYHLOODQFH)LJD



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$ %
)LJD7UDIILFYLGHRVXUYHLOODQFHVUHFRUG E9HUWLFDOGLVSODFHPHQWVRIWKHGHFNGXHWRWUDIILF)(0DQDO\VLV
7KHFRPSDULVRQRIFDOFXODWHGDQGPHDVXUHGYHUWLFDODFFHOHUDWLRQVDUHLQ7DE2QHFDQVHHWKDWWKHPDJQLWXGHV
RIWKHDFFHOHUDWLRQVUHDFKWKHYDOXHXSWRPVDQGWKH\PDWFKZHOOHDFKRWKHU%XWLQRUGHUWRFRPSDUHUDWKHUWKH
IUHTXHQFLHVWKDQWKHDPSOLWXGHVLWLVPRUHFRQYHQLHQWWRFDOFXODWHWKHVSHFWUD7DE7KHKLJKHVWUHVSRQVHVLQERWK
FDVHVFDOFXODWHGDQGPHDVXUHGRFFXUDW WKHVDPHIUHTXHQFLHVDERXW+]DQGDERXW+] UHVSHFWLYHO\
7KHVHIUHTXHQFLHVDUHPRVWO\FRQQHFWHGZLWKWKHORFDOYLEUDWLRQRIWKHGHFN7DE,WFDQEHVWDWHGWKDWLWLVDSDUWLDO
SURRIWKDWWKHQXPHULFDODQDO\VLVPRGHOZLWKWKHDSSOLHGWUDIILFIRUFHVPRYLQJDWDQDSSURSULDWHVSHHGPDWFKTXLWH
ZHOOZLWKWKHPHDVXUHGUHVXOWV6XFKDQXPHULFDOPRGHOGHVFULEHVWKHUHVSRQVHRIWKHEULGJHGXHWRWUDIILFSUHFLVHO\
HQRXJK,QWKHIXWXUHWKLVZLOOEHXVHGIRUILQGLQJD³FRPSDULVRQVLJQLILFDQWVLWXDWLRQ´ZKLFKFDQEHWKHQUHSHDWHGO\
IRXQGHGLQWKHWUDIILFVWUHDPDQGXVHGIRUFRPSDULVRQZLWKWKHG\QDPLFWHVWV,QWKLVSDUWLFXODUFDVHLWVHHPVWREHWKH
VLWXDWLRQZKHQWZRWUXFNVLQRSSRVLWHGLUHFWLRQVDSSURDFKWKHPLGGOHRIWKHODUJHVWVSDQDQGWKHUHVWRIWKHWUDIILF
FRQVLVWVRIRQO\SHUVRQDOFDUVZKRVHLQIOXHQFHLVQHJOLJLEOHVHHVLWXDWLRQLQ)LJD
7DEOH&RPSDULVRQRIYHUWLFDODFFHOHUDWLRQVRIWKHERWWRPSDUWRIWKHEULGJHLQWKHPHDVXUHGWLPHLQWHUYDOV
&DOFXODWHGDFFHOHUDWLRQV 0HDVXUHGDFFHOHUDWLRQV
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7DEOH&RPSDULVRQRIVSHFWUDRIYHUWLFDODFFHOHUDWLRQV
&DOFXODWHGVSHFWUXP 0HDVXUHGVSHFWUXP


7KH6ORYDN1DWLRQDO8SULVLQJ%ULGJH
3.1. Bridge structure 
7KH6ORYDN1DWLRQDO8SULVLQJ%ULGJHLVORFDWHGQHDUWKH&DVWOH+LOODQGFRQQHFWVWKH2OG7RZQZLWK3HWUåDOND,W
LVDQDV\PPHWULFFDEOHVWD\HGVWHHOEULGJHZLWKDQRUWKRWURSLFER[EHDPVXSSRUWHGLQRQHSODQHE\FDEOHVIURPDQ
LQFOLQHGS\ORQ)LJD7KHOHQJWKVRIWKHVSDQVDUHPPDQGPWRWDOOHQJWKP)LJE
7KHKHLJKWRIWKHEHDPLVPWKHZLGWKLVP2QWKHWRSGHFNWKHUHLVDODQHURDGRQWKHERWWRPOHYHO
WKHUHDUHWZRFDQWLOHYHUHGSDWKVIRUSHGHVWULDQVDQGF\FOLVWV6HUYLFHVUXQLQVLGHWKHEHDPER[HV)LJF7KHUHDUH
WKUHHKDQJHUVLQWKHPDLQVSDQHDFKFDEOHFRQVLVWVRIDFHUWDLQQXPEHURIIXOO\ORFNHGFRLOURSHVRIPPGLDPHWHU
7KHLQFOLQHGVWHHOS\ORQLV$VKDSHGLQRQHOHJWKHUHLVDQHOHYDWRULQWKHRWKHUDQHPHUJHQF\VWDLUFDVH)LJG2Q
WKHWRSRIWKHS\ORQDERYHWKHFDEOHVDGGOHWKHUHLVDOHQWLFXODUVKDSHGUHVWDXUDQWZLWKDQREVHUYDWRU\GHFNRQWKH
WRS>@7KHEULGJHZDVRSHQHGLQ

D F
E G
)LJ7KH6ORYDN1DWLRQDO8SULVLQJ%ULGJHDVLGHYLHZ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E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FFURVVVHFWLRQGS\ORQ
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FEM model and analysis 
7KHEULGJHZDVPRGHOOHGLQWKH$16<6HQYLURQPHQWXVLQJEHDPDQGVKHOOHOHPHQWV)LJ0DQ\GHWDLOVDUH
LQFRUSRUDWHGHJFXUYDWXUHRIWKHGHFNLQYHUWLFDOGLUHFWLRQFDEOHVER[VHFWLRQVVWLIIHQHUVVXSSRUWFKDUDFWHULVWLFV
DQGHYHQWKHS\ORQVWLIIHQHUVDQGGHWDLORIWKHDGGHGPDVVHVVRFDOOHG8)2UHVWDXUDQWDWWKHS\ORQWRS


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3.2. Measurement and operational modal analysis 
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EHDPDQGDFFHOHURPHWHUVZHUHSODFHG WRPHDVXUH WKHKRUL]RQWDODFFHOHUDWLRQRI WKHS\ORQDSSUR[LPDWHO\P
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3.3. Comparison of calculated and experimental results 
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RIVSDFH,WVKRXOGEHPHQWLRQHGWKDWWKHQDWXUDOIUHTXHQFLHVRIWKHFDEOHVDUHKLJKO\GHSHQGHQWRQWKHSUHVWUHVV
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